The offshore wind farms (OWF) are susceptible to the severe weather, which can cause the increase of component failure rate and has significant influence on the maintenance process and the reliability of wind farms. This paper proposes a sequential Markov chain Monte Carlo (MCMC) model for reliability evaluation of the OWF considering the impact of severe offshore weather. First, main factors affecting the wind turbine (WT) failure rate are analyzed. Second, a time-varying analytical model for the WT failure rate affected by wind speed and lightning is established. Three types of WT failure rates are considered: the failure rate under normal weather, that under strong wind, and that affected by lightning. Moreover, a time-varying analytical model for the repair time of main components of OWF is established by considering the influence of severe weather on offshore transportation time and maintenance efficiency after component failure. The MCMC model takes into account the temporal correlation of the weather and the repair process of failed component in the reliability evaluation. The model enables simultaneous simulation of the weather intensity and component state. For each system state generated by the MCMC model, a breadth-first search (BFS) method is applied to analyze the connectivity of the WTs and the sink node. Finally, the output of the wind farm is determined based on the wind speed data at this state. The expected energy not supply (EENS) and the generation ratio availability (GRA) indices of the OWF are evaluated to demonstrate the effectiveness of the proposed models. Further, the effects of other factors such as the enhanced protection for WT, the use of helicopter, and the weather characteristics of the OWF location on the reliability of OWF are discussed.
I. INTRODUCTION
Countries around the world have put considerable effort to increase the use of renewable energy. The wind power has been one of the focused energy sources because of its rich reserves, pollution-free characteristic and low development cost. According to the European Wind Energy Association (EWEA), due to the strong development of onshore wind power and offshore wind power, the planned installed capacity of European wind power will reach 392 GW by 2030 [1] .
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Since the offshore wind farms (OWFs) have the advantages of less land occupancy, higher average wind speed, and more sufficient annual utilization hours compared with the onshore wind farms, the development of large-scale OWF has attracted considerable attention [2] . However, OWFs require high maintenance costs and long repair time. This underlines the importance of reliability evaluation in the planning stage of OWF.
Many studies on the reliability evaluation of onshore wind farms have been reported, but relatively few are on OWFs. Two types of wind farm reliability evaluation modeling methods are available, the chronological simulation method [3] , [4] and the analytical method [5] - [7] . The former considers the time correlation of WT output, and enables simple calculation of the actual frequency index. The computation and storage demands, however, are high for its time-consuming simulation [8] . On the other hand, even though the analytical method is relatively simple to perform the system state enumeration process, it encounters the ''curse of dimensionality'' problem when the system size is large [9] .
The operating environment of OWFs is more complex than that of the onshore wind farms because it is located at sea. The effect of offshore severe weather condition must be considered in the evaluation of the reliability of OWF [10] , [11] . The impact is mainly reflected on the equipment failure rate and repair time parameters during reliability evaluation [10] . Most OWFs in use were built in recent years, as compared with the onshore wind power industry [12] . The reliability parameters of offshore WT and the collection system components are insufficient. Thus, most existing OWF reliability evaluations use the statistical data from the onshore wind farm [11] . The conclusion of the above analysis found that the key to accurately assessing the reliability of OWF is to modify the reliability parameters to reflect the impact of severe offshore weather [13] .
Several studies on the impact of severe offshore weather on the reliability parameters of OWF components are available [14] - [16] . The reliability of OWF considering seasonal weather changes was analyzed and the effect on the failure rate and repair time parameters of the main components of OWF was presented [14] . The reliability parameters of the OWF components in the normal weather and the severe weather were evaluated according to the engineering experience [15] . In [16] , the availability of OWF considering the inaccessibility problem caused by excessive wind and wave was investigated. The above studies consider the impact of severe weather on component reliability parameters in the reliability evaluation of OWF mainly on the qualitative analysis of historical operational experience, not much on the quantitative influence of the weather intensity on component reliability. Moreover, the temporal correlation between the component reliability parameter and the weather intensity in the reliability evaluation is missing. The variations of weather intensity are not factored into the component reliability parameters.
This paper proposes a Markov chain Monte Carlo (MCMC) model that can simulate both the weather intensity and the component state. The proposed model takes into account the temporal correlation of the weather and the repair process of component outage in the reliability evaluation. As a result, the adverse effect due to severe weather conditions on the OWF output can be quantified. The MCMC model facilitates the reliability evaluation by considering the failure rate of the offshore WT under three conditions: the failure rate at the normal weather, the failure rate affected by wind speed, and the failure rate affected by lightning (according to historical data). A time-varying repair time model for the main components of OWF is also constructed by considering the influence of the severe weather on maintenance efficiency after component failure. For each system state generated by the MCMC model, the connectivity between the WT and the sink node is checked based on the BFS algorithm, and the output of the wind farm is determined by the wind speed sample. The correctness and effectiveness of the proposed model and method are verified on an OWF in China. It can provide an accurate estimation of OWF output and guidance for system operator from the reliability perspective.
The rest of the paper is organized as follows. Section II discusses the influence of severe weather on reliability parameters of OWF and determine the main weather factors that affect the OWF reliability. Section III presents the time-varying failure rate and repair time model of OWF components. The reliability evaluation method of OWF is proposed in Sections IV. Case studies are carried out in Section V. Section VI concludes this paper.
II. INFLUENCE OF SEVERE WEATHER ON RELIABILITY PARAMETERS OF OWF
The impact of severe weather on the reliability of OWF components is mainly reflected in two aspects: The increased component failure rate and the prolonged repair time after failure. The weather at OWF is severe if any weather intensity exceeds a specified threshold, and the corresponding threshold will be analyzed later. The following provides brief analysis.
(1) Main components of OWF include the WTs, submarine cables, transformers, and breakers. Due to the height of WT and its wind driven characteristic, the impact of severe weather on the reliability of WT is obvious and significant [17] . It has been reported [18] , [19] that the WT failures are mainly originated from mechanical components such as gearboxes and blades, and more than 70% of blade failures are caused by lightning strikes or strong winds. Other components such as cables, circuit breakers, etc. are relatively less affected by weather conditions due to their location on the seabed or inside the cabinet. Hence, this paper mainly considers the effects of severe weather on the failure rate of WT. In particular, the proposed model investigates the impact of strong winds and lightning. The detailed modeling approach is presented in Section 3.1.
(2) When the failure occurred in severe weather conditions such as strong winds or large waves, maintenance crew and spare parts cannot reach the wind farm immediately for maintenance due to weather constraints [16] . Moreover, lightning also affects the maintenance process. So this paper mainly accounts for the impact of strong winds, large waves and lightning strikes when considering the repair time of OWF components. The detailed calculation method for the repair time of OWF components under severe weather will be introduced in Section 3.2.
III. TIME-VARYING FAILURE RATE AND REPAIR TIME MODEL OF OWF COMPONENTS
This study characterizes the WT failure rate and the repair time of all components as time-varying functions varying with the weather intensity to describe the impact of severe weather on failure rate and repair time of the OWF components. It describes the relationship between the component failure and repair process to the weather intensity during the same time period.
A. TIME-VARYING FAILURE RATE MODEL Assume that the failure rate of the WT in the time period t (taken as 1 hour) does not change. Inspired by the modeling method of the overhead transmission lines failure rate in severe weather [20] , the time-varying failure rate of the offshore WT can be expressed as
In (1), λ(t) is the WT failure rate in the period t, λ normal is the average failure rate of the WT in the period t under normal weather, λ wind (t) is the correction to failure rate due to strong winds and λ lighting (t) is that due to lightning. λ normal can be obtained from the historical WT failure statistics under normal conditions. λ wind (t) is a function of the average wind speed v(t) and λ lighting (t) is a function of the ground flash density N g (t).
1) TIME-VARYING FAILURE RATE MODEL OF WT AFFECTED BY THE WIND SPEED
The relationship between the wind speed and WT failure probability is given in [33] 
where U (t) is the unavailability of the WT in the period t and U 0 is the WT unavailability under normal wind speed condition (v(t) ≤ v r ). v r is the rated wind speed of the WT and b is a parameter greater than zero, which represents the fragility of the WT under the strong wind condition. Larger b implies strong influence on the failure rate by the wind speed variation. In this study, the value of b is set as 0.15 [21] . Assume that the repair rate µ of the WT is constant. Then the unavailability of the WT can be expressed as [22] 
In normal weather, the WT unavailability U 0 can be expressed as
Substituting (3) and (4) into (2) and some algebra manipulation yields the relationship between the failure rate of the WT and the wind speed during the period t:
Subtracting the average hourly failure rate of the WT in normal weather from (5) , the correction of the WT failure rate affected by strong winds during the period t can be obtained
2) TIME-VARYING FAILURE RATE MODEL OF WTS AFFECTED BY LIGHTNING Through statistical analysis of historical WT lightning failure records in [23] , [24] , it can be found that the frequency of the serious lightning strike failure of the WT and the lightning strike frequency suffered by the WT are approximately linearly related λ lightning (t) = kN L (t).
In (7), k is a scalar parameter greater than zero and N L is the number of lightning strikes to WT. Based on the data from [24] for λ lightning and N L , it is found that k is 0.2186. The frequency of lightning strikes on tall structures exposed to air can be modeled as a function of the height of the object and the external lightning density [25] . It can be applied to analyze the relationship between the expected number of the lightning strikes on WT and the ground flash density during period t
where h s is the height of the WT and N g (t) is the ground flash density of the period t. Substituting (8) into (7), we obtain the relationship between the corrected failure rate and the lightning intensity
B. TIME-VARYING REPAIR TIME MODEL FOR OWF
The maintenance crew and spare parts may not be able to reach the damaged area on time after the failure of OWF components due to the poor transportation conditions. This often results in the prolonged maintenance time. Even in normal weather, the maintenance efficiency varies in different weather conditions and different seasons. These factors also cause the changes in the component repair time.
To accommodate such uncertainties, the repair time of OWF components comes from two sources. One is the waiting and transportation time WT(t) of the maintenance crew and component spare parts. Another is the on-site maintenance time R e (t). Then the component repair time r(t) at period t can be expressed as 
1) WAITING AND TRANSPORTATION TIME OF MAINTENANCE RESOURCES WT(t)
According to [26] , when the wind speed v(t) ≤15 m/s and the significant wave height h(t) ≤ 2m, The maintenance crew and spare parts can be safely transported to the failed site. That is, the weather is not severe and the maintenance resources are accessible to OWF. In addition, according to engineering experience, if lightning strike occurs (N g (t) > 0), the offshore maintenance is deemed unsuitable and the OWF is unable to tap into the maintenance resources.
The transportation time of the maintenance resource is Tr and the on-site repair time is R e (t). The waiting time needed to meet the transportation and maintenance requirements must be counted. These requirements specify that the wind speed has to be less than 15m/s, the height of significant wave less than 2m, and the ground flash density is 0. The length of the time interval is at least Tr + R ep (t), where R ep is the estimated on-site repair time. The waiting time to meet the transportation and maintenance requirements is represented by W a (t) and can be obtained from the weather intensity data. The waiting and transportation time WT(t) of the maintenance resource can be expressed as:
The repair time varies along with the maintenance efficiency. The efficiency of maintenance crew differs in different seasons, due to the climatic factors. In addition, weather factors such as wind speed also affect the efficiency of maintenance crew. The following examines the influence of seasonal factors and wind speed on the maintenance efficiency and maintenance time.
In the four seasons of spring, summer, autumn and winter, the working efficiency of maintenance crew in OWF is different. Generally, the maintenance efficiency in spring and autumn is higher than that in winter and summer. So the repair time of the same type of failure in spring and autumn is shorter than that in winter and summer. This paper defines the seasonal weight factor ks to account for the seasonal effect. The weight factor can be obtained from historical maintenance records. Table 1 shows the seasonal weight factors used in this study [27] .
The wind speed also affects the maintenance efficiency. When the wind speed exceeds the critical value v crit , the maintenance efficiency will be affected [28] . The higher the wind speed, the lower the maintenance efficiency and the longer the maintenance time. Since the transportation of maintenance resources, as well as on-site maintenance, are always carried out at a significant wave height of less than 2m and a ground flash density of 0, this paper does not consider the impact of waves and lightning on the maintenance efficiency.
Based on the above analysis, the repair time R e (t) considering the maintenance efficiency can be expressed as
r normal is the average repair time (excluding the waiting and transportation time) of the failed component under normal weather conditions, which have the significant wave height less than 2m, ground flash density = 0, wind speed lower than v crit , and season is spring or autumn. t is the start time of actual repair. k s (t ) is the seasonal weight factor. v(t ) is the average wind speed for the period of [t , t + r normal ].
Parameter ω > 0 is used to describe the influence of wind speed on the maintenance time. The larger the ω is, the higher the influence of wind speed on the maintenance time. v crit is the wind speed threshold. The value of v crit and ω are v crit = 8 m/s, ω = 0.4 [28] .
IV. RELIABILITY EVALUATION OF OWF BASED ON THE MCMC METHOD
A Markov chain Monte Carlo (MCMC) based simulation model for offshore weather and component state of OWF is described. The model is used to generate the time series of weather intensity and the component state. Then we investigate the impact of component failure in the OWF and determine the wind farm output of each sample system state.
A brief description of the procedures is shown in Fig. 2 .
A. MCMC SIMULATION FOR WEATHER INTENSITY AND COMPONENT STATE OF OWF
The offshore weather and the component state are not independent. It has been shown in Section 3 that the component state and the weather intensity during the current and previous time periods are temporally correlated. Simulation is performed to characterize this correlation. The MCMC method is used to generate the time series of weather intensity and state of OWF components for the reliability evaluation of OWF. MCMC is a method that applies the Markov chain to Monte Carlo simulation. The Gibbs sampler is typically used to generate the Markov chains required in the MCMC method [29] . Some definitions regarding the MCMC based simulation method is given below.
(1) Let the wind speed, the significant wave height, and the ground flash density be represented, respectively, by the time N gN ] . N is the length of historical data. These three weather data at time t is collected as a column vector w t = [v t , h t , N gt ] T . Then the historical weather record can be expressed as 
M ]represents the sample state of the entire OWF system in the period t.
(3) Samples of the weather intensity and the OWF components state over the T time periods are stored in W and X, respectively.
The following describes the simulation procedure for the offshore weather intensity and OWF components state based on the MCMC method. In this study, the failure rate and the repair time of OWF components are assumed to remain unchanged during period t, 1) Classify the typical offshore weather conditions. Based on the K-means clustering method [30] , the historical offshore weather record W= [w 1 , w 2 . . . w N ] can be divided into K clusters. Each cluster i , i = 1, 2, . . . , K , corresponds to a unique weather state S i , i = 1, 2, . . . , K . The objective function value of the clustering method is reduced by increasing the number of clusters K [31] . When the number of clusters is larger than 6, the objective function value as shown in Fig. 3 . Here K takes 8. 2) Calculate the cumulative transition probability matrix between weather conditions. Let p ij be the state transition probability from the weather state S i to the weather state S j . Find the maximum likelihood estimate by
T ij is the total number of the observed transitions from weather state S i to weather state S j . The transition probability matrix between K weather states can be expressed as
Then generate the cumulative probability matrix P w of the matrix P w , and the j th element of the i th row is calculated by
Due to the seasonality of weather intensity, this paper calculates the cumulative probability matrix P w of different seasons to accurately describe the transition rate between K weather states. In other words, four P w are generated as P SP−w , P SU −w , P FA−w and P WI −w corresponding to the respective season. SP, SU, FA and WI are abbreviations for spring, autumn, summer, and winter, respectively. The matrix P SP−w is taken as an example. 3) Let t = 0, randomly select the initial weather state S i of the t = 0 period. 4) Simulate the weather state during the period t+1 based on the MCMC method.
Let the weather state of the period t be S i , and generate a random number q 1 , which follows a uniform distribution in the interval [0, 1]. If p ij < q 1 ≤ p i(j+1) , the weather state of the period t+1 is considered to be S j [32] . 5) Sample the wind speed, the significant wave height, and the ground flash density during the period t+1. The empirical distribution function F(.) of weather intensity is employed to capture the probability distribution characteristics within each weather state. This would provide the support for the accuracy of simulation results. The weather intensity for a specific weather state S j can be sampled by the following procedure. Take the wind speed as an example. Generate a random number q 2 from a uniform distribution in the [0, 1] interval and calculate
where v min j and v max j are the minimum and maximum wind speeds that may occur under the weather state S j , respectively. The interval [v min j , v min j ] is divided into N e subintervals. Then sample of the wind speed in the period t+1 can be obtained by
v e and v e+1 are the upper and lower bounds of the corresponding subinterval within the weather state S j that satisfies F(v e ) < F(v(t+1))≤ F(v e+1 ).
The sampled values of the significant wave height and the ground flash density during the period t+1 can be obtained by a calculation process similar to the wind speed and will not be described here. 6) Let t = t+1, if t < T , return to step 4; otherwise, the weather intensity time series of T time periods is obtained. Store it in matrix W and proceed to the next step. 7) Let t = 0 and all components be in the normal state, that is, X (0) is a zero vector of M ×1. 8) Calculate the time-varying failure rate λ(t) of the offshore WT considering the influence of severe weather based on formula (1), and calculate the time-varying repair time r(t) of the OWF component considering the impact of severe weather based on formula (10) . The transition probability matrix of the component state for the Gibbs sampler is expressed as
where .µ(t) is the component repair rate, which is the reciprocal of the repair time r(t). Generate a random number q 3 uniformly distributed in the interval [0, 1] and make the judgment according to the following two conditions: 1) Suppose that the component m in the period t is in the normal state. If q 3 is less than 1-.λ(t), then the component m stays in the normal state at the period t+1. Otherwise, the component is moved to the failure state.
2) Suppose that the component m in the period t is in the failure state. If q 3 is less than 1-.µ(t), the component m is still in the failure state at the period t+1; otherwise, the component is moved to the normal state. 3) Let t = t+1, if t < T , return to step 8; otherwise, stop and output W and X.
B. CALCULATION OF WIND FARM OUTPUT OF THE SAMPLED STATE
A typical OWF system is shown in Fig. 4 . It consists of the collection system and the transmission system. This study does not consider the failure impact of the transmission system when assessing the reliability of OWF. The focus is on the impact of the failure of WT and the collection system. Two types of the collection system are available: the string type and the ring type [33] . The configuration in Fig. 4 is the string type.
It can be seen from Fig. 4 that if a single WT or the component connected to WT fail, the WT will be disconnected from system during the failure period and the output is zero. If the cables between the WTs fail, it mainly affects the connectivity between the WT and the Sink node. The affected WTs will be off-grid and their output is zero.
Consider a four-WT OWF system shown in Fig. 5(a) . Fig. 5(b) is a connectivity graph representation of Fig. 5(a) . In Fig. 5(b) , the numbers 1-4 denote four WTs. Each WT includes a low voltage (LV) contactor, tower cable, transformer, and a medium voltage (MV) breaker. The numbers 5-8 correspond to the connection cable between the WTs. The cable includes the MV Switch directly connected to the cable and cable itself. A brief description to determine the output of a wind farm in a single MCMC state is given below.
1) The output power of the WT in the period t is determined by
In (20) , P out (t) is the output power (MW) of the WT at time t, v ci is the cut-in wind speed (m/s), v r is the rated wind speed (m/s), v co is the cut-off wind speed (m/s), and P r is the rated output (MW) of the WT. 2) Based on Fig. 5(b) , an adjacency matrix [34] A 1 for the components numbered from 1 to 8 is generated. M ] T . If all components are in the normal states, the connectivity graph is formed starting from the Sink node based on the breadth-first search (BFS) algorithm [34] and the adjacency matrix A 1 . Since no components fail, WT1 to WT4 are in the connectivity graph and all WTs output normally. The output of the wind farm is the sum of all four WT's output. If WT3 and cable5 fail, the elements in the third and fifth rows and columns of the A M matrix are set to zero. The adjacency matrix A 2 in this state is formed and a connectivity graph is generated. 
The connectivity graph is formed based on the BFS algorithm and the adjacency matrix A 2 . In the connectivity graph, only the WT2 and WT4 are connected to the Sink node. At this time, the wind farm output is the sum of the output of the WT2 and WT4. Other situations can also be analyzed using the above method.
C. OWF RELIABILITY EVALUATION
The OWF reliability evaluation algorithm considering the impact of severe weather on the component failure and repair process is described below.
1) Sample the Markov chain of the weather intensity and component state of T time length by the proposed MCMC simulation method in Section 4.1. 2) Analyze the system topology in the X(t) state and calculate the output of the wind farm and the input wind power based on the method in Section 4.2 to obtain the ratio between the output and the input wind power of the wind farm, the power generation rate GR(t).
Calculate the difference between the output and the rated maximum output of OWF during the period t to obtain the energy not supply ENS(t) of OWF.
3) Calculate OWF reliability indices Expected Energy
Not Supply (EENS) and Generation Ratio Availability (GRA) [35] :
where T grc is the sum of time when GR(t) > GRc in the T period, and GRc is the criterion generation rate.
V. CASE STUDIES
In this paper, an OWF in China described in [36] is used as an example to validate the proposed MCMC reliability evaluation method under severe weather conditions. Fig. 6 depicts the configuration of the OWF, which consists of 50 WTs rated at 2MW each and with a height of 90m. Cut-in, rated, and cut-out wind speeds of the WT are 4, 12, and 25 m/s, respectively. The hourly wind speed and significant wave height data are from the NOAA website [37] . Ground flash density data are from [28] . The reliability parameters of wind farm components under normal conditions are shown in Table 2 . The transportation time of the maintenance resource is set as 1 hour.
A. RELIABILITY EVALUATION RESULT
The impact of severe weather conditions on the reliability of OWF is evaluated in the following five cases. Case 1: Not consider the effects of severe weather on component failure rate and repair time.
Case 2: Consider only the effect of strong winds on failure rate.
Case 3: Consider only the effect of lightning strikes on failure rate. Case 4: Consider only the effect of severe weather on the repair time.
Case 5: Consider the effects of severe weather on the component failure rate and the repair time.
The GRc is set as 80%. The Gibbs sampler performs 500,000 samples, and the sampling results are used to evaluate the reliability of OWF. The EENS and GRA indices of different cases are shown in Table 3 . It can be seen from Table 3 that Case 1 has the smallest EENS and the largest GRA. Thus, not considering the severe weather, the system reliability level is the highest and the utilization of offshore wind power is the most efficient. When the severe weather conditions are factored in, the EENS rises and GRA falls. This shows that the weather factor cannot be ignored in the reliability evaluation of OWF. Compared to Case 1, EENS in Case 2 is increased by 0.9% and GRA is decreased by 3.1%. For Case 3, EENS is increased by 0.8% and GRA is decreased by 1.6%. It can be found that EENS index changes slightly when effect of severe weather on component failure rate is considered. This is not the case for the GRA index, which increases in a noticeable manner. The GRA index emphasizes the energy loss caused by the equipment failure. So the failure of component has more influence on GRA than the wind speed variation. The severe weather has considerable impact on the repair time of WT, as evidenced from the results of Case 4 and Case 5. In Case 4, EENS increases by 4.5% and GRA decreases by 20.0%. When taking both the failure rate and the repair time into account, the EENS and GRA indices vary even more, EENS by 6.2% and GRA by 24.4%. This indicates that the impact of severe weather on the reliability of wind farms is mainly reflected on the repair process of the failed component.
B. ENHANCED PROTECTION FOR WT ON OWF RELIABILITY
In order to reduce the impact of strong winds and lightning strikes on the reliability of WT and OWF, the WT can be reinforced. For example, the use of double-layer material blades and regular maintenance of the mechanical structure of the WT are two main measures to improve the wind resistance of the WT [38] . Lightning resistance of the WT can be improved by applying the conducting materials to the blade surface and placing the down conductors inside the blade [39] .
It is difficult to accurately quantify the effects of the above measures on wind and lightning resistance of the WT. Here we analyze the impact of the enhanced protection for WT on the reliability by changing the values of relevant parameters. Two actions: One is to characterize the wind resistance of WT under strong winds by changing the value of parameter b in equation (6) . The smaller the value of b is, the stronger the WT is. Another is to characterize the lightning resistance of WT by changing the value of parameter k in equation (9) . Smaller k implies stronger lightning resistance of WT. Fig. 7 shows the variation curves of EENS and GRA of Case 5 when the parameters b and k are respectively changed to 0.95, 0.9, 0.85, 0.8, 0.75, 0.7, 0.65, and 0.6 times of the original value. In Fig. 7 , the blue and green curves are for the EENS and GRA indices under different b and k, respectively. It can be seen from Fig. 7 that as b and k decrease, EENS decreases and GRA increases, and the OWF reliability is improved. 
C. IMPACT OF USING HELICOPTER ON THE RELIABILITY OF OWF
Analysis in Section 5.1 shows that the impact of severe weather on the reliability of OWF is mainly reflected on the repair time of the failed component. In order to improve maintenance efficiency, helicopters are used in certain situations to transport the maintenance crew and spare parts. However, the cost by the helicopter is very high compared to that by the ship. It falls into the cost-benefit analysis problem to make a trade-off between the OWF reliability and maintenance cost. This section focuses on the effects of using the helicopter as the maintenance vehicle on the reliability of OWF and the economy.
The use of ship for transportation has limitations. Weather conditions suitable for the maintenance are the wind speed v(t) ≤ 15m/s, the significant wave height h(t) ≤ 2m, and no lightning. As for the helicopter, it is not constrained by the significant wave height and the maximum wind speed for maintenance can be up to 17m/s [26] . Helicopters are relatively less affected by the severe weather than the ships.
The total yearly cost of using ships and helicopters are equal to their fixed rent plus the operating cost. Ships or helicopters are supposed to be used all year round. The estimated yearly cost of transportation tools are listed in Table 4 . The electricity price is assumed to be 150 e/MWh [26] . Table 4 shows the results of EENS and the corresponding costs using ships or helicopters as transportation in case 5. It can be seen from Table 4 that the EENS cost after using helicopters is less than ships, which indicates that using helicopters can effectively improve the reliability of OWF. However, at the same time, the cost of using helicopters is significant high, leading to the rising total cost. Overall, it is uneconomical to use helicopters instead of ships in this scenario.
D. INFLUENCE OF WEATHER CHARACTERISTICS OF OWF LOCATION ON RELIABILITY
Reliability of the OWF depends on the weather conditions at the wind farm. Different OWF locations have different weather characteristics. This section examines the effects of wind speed and the significant wave height on the reliability of OWF. The weather characteristics at three locations are shown in Table 5 . Fig. 8 shows the reliability evaluation results considering and without considering the effects of severe weather. It can be seen from Fig. 8 that GRA are basically the same without considering the severe weather effects, while EENS is different and inversely related to the average wind speed. This is mainly due to the fact that annual power generation of the wind farm decreases as the annual average wind speed decreases, resulting in an increase in EENS and a worse reliability level of OWF.
After considering severe weather, GRA is inversely related to the average wind speed and significant wave height of the sea area since it is difficult to reach OWF to perform maintenance when the wind speed and wave height are high, resulting in the deterioration of reliability of the failure component and eventually the decrease of GRA.
Compared to the situation where severe weather is not considered, the EENS for three areas considering severe weather conditions does not depend entirely on the annual average wind speed. For example, for the area 1 with a larger annual wind speed, EENS is larger than the area 2. Although the high wind speed will increase the power generation and reduce EENS, it will also influence the repair of the failure WT. This results in a reduction in the power generation of the failure WT and ultimately leads to the deterioration of the reliability of the entire OWF. Fig. 9 depicts the change of EENS under average annual wind speeds of 5m/s-13m/s and average annual wave heights of 1m-2m. This figure provides the influence of wind speed and wave height on the reliability of OWF. It can be seen from Fig. 9 that when the average significant wave height is constant, the EENS first decreases and then increases as the annual average wind speed increases, which is consistent with the conclusion drawn from Fig. 8 . Keep the annual average wind speed constant, the waiting time and transportation time will increase as the significant wave height increases, resulting in an increase of EENS and lower reliability of OWF.
VI. CONCLUSION
The paper has presented a time-varying failure rate model of offshore WT and a time-varying repair time model of the OWF components considering the effects of severe weather. Reliability evaluation of OWF takes into account the correlation of the weather and component failure. In addition, a MCMC model is developed to simultaneously simulate the weather intensity and component state. The following conclusions are drawn from the case studies:
(1) Reliability indices EENS and GRA for OWF change significantly when the impact of severe weather on the WT failure rate and components repair time is considered.
(2) The impact of severe weather on the OWF reliability is mainly reflected on the repair process of components. Helicopters can increase the reliability of the OWF, but its cost of use is very high.
(
3) The reliability of OWF depends not only on the wind sources in the sea area, but also on the weather conditions, such as significant wave height.
It is believed that the proposed model will improve the accuracy of the OWF reliability evaluation results and provide some useful guidelines for operator. For the future work, except for the influence of strong winds, lightning, and waves considered in this paper, the proposed model can be extended to integrate other types of severe weather. In addition, the reliability evaluation model can be incorporated in the planning stage of OWF to optimize its configuration in a more reliable manner.
